Deregulation of the pRB/E2F pathway, which occurs frequently in human malignancy, is often associated with inappropriate proliferation and/or apoptosis. While the role of E2F1 in apoptosis induction has been well-established, it remains unclear how this pro-apoptotic activity is regulated in cancer. Here we describe EZH2, an oncogenic polycomb histone methyltransferase and an E2F1 target, as an important regulator of E2F1-dependent apoptosis. We show that E2F1 induces EZH2 expression, which in turn antagonizes the induction of E2F1 pro-apoptotic target Bim expression. RNAi-mediated gene depletion of EZH2 enhances E2F1-dependent Bim expression, thereby promoting the pro-apoptotic activity of E2F1. Hence, the concomitant induction of EZH2 and Bim by E2F1 constitutes a fail-safe mechanism to allow tumor cells with aberrant E2F1 activity to evade apoptosis. These findings reveal a novel mechanism by which the apoptotic activity of E2F1 is restrained in human cancer and also provide the first evidence that EZH2 directly regulates apoptotic process in cancer cells.
The E2F transcription factor family members play pivotal roles in regulating multiple cellular functions including proliferation, differentiation and apoptosis. 1, 2 Among them, E2F1 is the best-characterized owing to its unique feature to induce apoptosis. The pro-apoptotic activity of E2F1 can be mediated through both p53-dependent and independent pathways via target gene activation. These genes include ARF, 3 TP73, 4, 5 APAF-1 6 and BH3 only BCL2 family members, including Bim, PUMA and Noxa. 7, 8 During tumorigenesis, it is believed that the E2F1 pro-apoptotic activity needs to be restrained to allow efficient transformation. While a role for E2F1 in apoptosis induction has been well established, the oncogenic signaling pathways restricting E2F1's pro-apoptotic potential in human cancer remain poorly defined.
It is well-known that activation of E2F1 can induce both proliferation and apoptosis. A compelling question is how E2F1-dependent apoptosis is inhibited in tumorigenesis to allow cancer cells to evade apoptosis. In addition to p53 deficiency as an important mechanism to cripple E2F1-dependent apoptosis in human cancer, other potential oncogenic signals, including PI3K, 9,10 MDM2 11-13 and HDAC 8 have also been reported to antagonize the apoptotic activity of E2F1 in cancer cells. As such, pharmacologic or biological agents that inhibit the above regulators have been shown to promote E2F1-dependent apoptosis in cancer cells. 8, 9, 13, 14 In addition to oncogenic lesions, aberrant epigenetic events leading to transcriptional inactivation of crucial tumor suppressors are also required for efficient malignant transformation. 15, 16 Accumulating evidence suggests that these two types of oncogenic lesions are often interconnected. For example, the oncogene Ras-mediated cellular transformation has been shown to be coupled with the polycomb proteinassociated epigenetic event that causes the inactivation of apoptotic Fas gene expression, thus inhibiting signals that would otherwise promote apoptosis. 17 In addition, c-Mycdriven transformation in mammary epithelial cells can lead to the epigenetic silencing of natural inhibitors of Wnt signaling pathway, DKK1 and SFRP1, contributing to an aberrant activation of oncogenic b-catenin. 18 These studies underscore the crucial role of epigenetic mechanisms in regulating oncogene-induced apoptosis during transformation.
Polycomb protein EZH2 is a histone methyltransferase that is frequently over-expressed in a wide variety of human malignancies. 19, 20 EZH2 functions to suppress a number of tumor suppressor gene expression, such as E-cadherin, 21 RUNX3, 22 p57, 23 and DACT3 24 through induction of repressive histone methylation on H3 lysine 27 (H3K27Me3), thus promoting cell proliferation, metastasis, and invasion. 20, 23, 25, 26 Interestingly, EZH2 has been previously shown to be a downstream target of E2F1. 27 This raises the possibility that an EZH2-mediated epigenetic event may have a functional link to E2F1-mediated cellular functions, such as apoptosis.
In this study, we show that the activation of EZH2 by E2F1 inhibits E2F1-mediated apoptosis in cancer cells and this is achieved through epigenetic repression of Bim expression. Considering the frequent deregulation of both E2F1 and EZH2 in human cancer, the fail-safe mechanism we identified here provided a plausible mechanistic insight into the regulation of E2F1 apoptotic activity in cancer cells and also the role of EZH2 in promoting transformation.
Results
EZH2 suppresses E2F1-dependent Bim induction. To investigate the epigenetic process linked to the E2F associated transformation, we began to use the human lung fibroblast cells IMR90 and IMR90 cells transformed by oncoprotein E1A. One of the known mechanisms by which E1A induces cellular transformation is through the inactivation of tumor suppressor pRB, thereby leading to the activation of E2F. 28 To understand the epigenetic factors potentially involved in E1A-induced transformation and E2F1 activation, we profiled the gene expression of known E2F1 targets and epigenetic regulators in IMR90 and IMR90/E1A cells. The data show the upregulation of many E2F1 target genes, including BCL2L11 (encoding Bim), E2F1, E2F2, CCNA1/2 and CCNE2 in IMR90/E1A cells compared to the IMR90 cells, confirming the activation of E2F1 in this transformation system (Figure 1a ). Among several families of epigenetic regulators such as HDAC, DNMT and HMT we surveyed, histone methyltrasnferase EZH2 stood up as the most upregulated in this system, while others showed not much change or only modest induction (Figure 1b) . Western blot analysis confirmed the array data and show that IMR90/E1A cells expressed a higher level of E2F1 and its downstream target genes, such as Cyclin A, p73 and Bim, either associated with E2F1-induced cell proliferation or apoptosis 29, 30 ( Figure 1c ). EZH2 protein level was also verified to be upregulated in IMR90/E1A as compared to the IMR90 cells, and accordingly, the associated repressive histone mark trimethylated histone H3 lysine 27 (H3K27me3) was also elevated (Figure 1c ). This result is in agreement with the previous report that identified EZH2 as an E2F1 target. 27 To confirm that the differential expression of the above E2F1 targets such as EZH2 and Bim in IMR90 and IMR90/E1A cells is truly E2F1-dependent, we depleted E2F1 expression using short interference RNA (siRNA)-mediated gene silencing in IMR90/E1A cells. The results show that depletion of E2F1 efficiently ablated the protein expression of both EZH2 and Bim in IMR90/E1A cells (Figure 1d ), further validating their E2F1 dependency in this system. Of notice, E2F1 knockdown also eliminated the expression of the other two activating E2F members E2F2 and E2F3 (Figure 1d) , however, the induction of Bim expression is not E2F2 or E2F3 dependent, because depletion of E2F2 or E2F3 using specific siRNA respectively did not reduced Bim expression level (Supplementary Figure  S1a) . All the E2F1, 2, and 3 have been previously shown to regulate EZH2. 27 This finding explained the efficiency of E2F1 knockdown on EZH2 expression. In spite of the up-regulation of pro-apoptotic targets, IMR90/E1A cells grew faster than IMR90 cells. This suggests that the pro-apoptotic activity of E2F1 in these cells must be restrained in order to support the proliferation and survival of these cells. The activation of EZH2-H3K27me3 by E2F1 provides a hypothesis in which oncogenic transformation, induced by the pRB/E2F1 pathway might be functionally linked to an EZH2-mediated epigenetic event.
To test the above hypothesis, we first examined whether siRNA-mediated knockdown of EZH2 has any effect on the expression of E2F1 pro-apoptotic targets. Thus, IMR90/E1A cells were transfected with EZH2-specific siRNA or a negative control siRNA (NC). RT-PCR analysis of a panel of wellknown E2F1 pro-apoptotic targets indicates that knockdown of EZH2 resulted in a marked increase in BIM mRNA expression, but had no obvious effect on other known E2F1 apoptotic targets, including TP73, NOXA, ARF, and APAF1 (Figure 1e ), as well as other BCL2 family members (Supplementary Figure S1b) . Western blot analysis confirmed the RT-PCR data and showed that EZH2 depletion led to a marked accumulation of Bim protein in a time-dependent manner ( Figure 1f ), but had no effect on p73 and Apaf1 (Figure 1g ). EZH2, SUZ12 and EED are the three key components of the Polycomb repressor complex 2 (PRC2) and they depend on each other for the integrity of the protein complex. As shown in Figure 1g , EZH2 knockdown also depleted the SUZ12 and EED, indicating that EZH2 knockdown is sufficient to disrupt the entire PRC2 complex in these cells which is consistent with the previous report. 27 To confirm the specific effect of EZH2 knockdown, we conducted the rescue experiment by cotransfection of EZH2 plasmid with another EZH2 siRNA that targets the 5 0 -UTR of EZH2 mRNA and thus is unable to affect the ectopic expression of exogenous wild-type EZH2. The data in Figure 1h show that this EZH2 siRNA also induced Bim expression and the cotransfection with an EZH2 expressing plasmid abrogated the Bim induction. These experiments demonstrate that inactivation of endogenous EZH2 complex leads to selective induction of E2F1 pro-apoptotic target Bim.
We next tested whether the ectopic expression of EZH2 is sufficient to inhibit Bim expression. IMR90/E1A cells were transfected with a DNA plasmid expressing EZH2 or EZH2 that lacks the SET domain required for the catalytic activity. As shown in Figure 1i , cells expressing ectopic EZH2 exhibited a lower level of Bim expression compared to the vector control. By contrast, the mutant EZH2 had no such an inhibitory effect on Bim expression (Figure 1i) . Together with the previous data obtained using siRNA-mediated EZH2 knockdown, we conclude that EZH2 suppresses the expression of Bim. To extend our observations, we also knocked down EZH2 in human osteosarcoma Saos-2 and U2OS cells, prostate cancer PC3 and breast cancer MCF-7 cells, and observed Bim upregulation in these cells (Supplementary Figure S1c) , therefore suggesting that EZH2-mediated Bim repression also extends to other cancer cell lines.
Upregulation of Bim upon removal of EZH2 is E2F1-dependent. To demonstrate that the Bim induction upon EZH2 knockdown described above is E2F1-dependent, we tested whether the concomitant knockdown of E2F1 and EZH2 can reverse Bim induction. Thus, IMR90/E1A cells were transfected with EZH2 siRNA, E2F1 siRNA or both. The results show that the EZH2 siRNA-induced Bim increase was abrogated by concomitant knockdown of E2F1, indicating that EZH2 depletion upregulating Bim expression in an E2F1-dependent fashion (Figure 2a ). To further demonstrate this regulation in cancer cells, we performed the above experiments in human lung carcinoma cell lines A549 and H1299. In both cancer cell lines, knockdown of EZH2 resulted in increased Bim expression, which was completely reversed by double-knockdown of EZH2 and E2F1 ( Figure 2b ). Hence, in both transformed and tumorderived cell lines, we demonstrated that EZH2 knockdown promotes E2F1-dependent Bim expression.
The tumor suppressor pRB is a negative regulator of E2F1 activity 31 and is wild-type in H1299 cells. 32 Therefore, we examined the effect of pRB on E2F1-mediated Bim expression and how it may be regulated by EZH2. H1299 cells were transfected with siRNAs targeting pRB, EZH2, or both siRNAs. The result shows that pRB depletion led to a clear induction of E2F1 as expected, but only a moderate up-regulation of Bim (Figure 2c ). Double-knockdown of pRB and EZH2 caused a synergistic induction of Bim expression as compared to the knockdown of pRB or EZH2 alone ( Figure 2c ). These results further show that EZH2 inhibits EZH2 directly binds to the BIM promoter. To determine if BIM is a direct target of EZH2, we performed chromatin immunopreciptation (ChIP) assays in both IMR90/E1A and H1299 cells to investigate whether EZH2 binds to the BIM gene locus. The chromatin precipitated from EZH2 antibody was analyzed by quantitative PCR using pairs of primers spanning around a 5.0 kb region surrounding the transcription start site (TSS). The results obtained from both cell lines identified EZH2 bound to BIM locus at about 500bp upstream and 800bp downstream of the TSS. Corresponding to the EZH2 enrichment, we detected a similar enrichment pattern of EZH2 associated H3K27me3 (Figure 3a) . EZH2 binding to BIM was specific since a negative control IgG failed to do so. The detection of EZH2 and H3K27me3 around ± 1.0 kb of TSS is consistent with the recent large scale mapping of and EZH2 H3K27me3 enrichment sites in human genome. 33, 34 Furthermore, we did not detect the binding of EZH2 to P73 (Figure 3b ), which is in agreement with the previous finding that EZH2 does not regulate P73 expression (see Figure 1g) . The levels of enrichment of EZH2 and H3K27me3 at BIM are comparable to that in the CDKN1C gene, a known EZH2 target in cancer cells (Figure 3c) , 23 validating the specificity of the ChIP assay. In addition, we also detected the binding of EZH2 to BIM in U2OS and MCF-7 cells (Supplementary Figure S2) . Knockdown of EZH2 clearly abrogated the EZH2 recruitment to the Bim locus (Figure 3d , left panel), while it did not affect E2F1 binding to a previously identified E2F1 binding site at BIM 8 ( Figure 3d , right panel). By contrast, knockdown of E2F1 ablated both the E2F1 and EZH2 recruitment to BIM. The result confirms EZH2 as a downstream component of the E2F1 pathway. Taken together, these results show that BIM is a direct target of EZH2 and that EZH2 binding to BIM is regulated by E2F1.
EZH2 regulates ectopic E2F1-induced apoptosis. To directly demonstrate that EZH2 affects E2F1-dependent apoptosis, we used a p53-deficient stable Saos-2 cell line containing an ER-E2F1 fusion protein (E2F1 fused to the hormone binding domain of human estrogen receptor) that is responsive to 4-hydroxytamoxifen (OHT). 35 In this system, activation of ectopic E2F1 induces apoptosis. Induction of both EZH2 and Bim by E2F1 was confirmed in this system (Figure 4a ), and EZH2 knockdown promoted E2F1-dependent Bim induction (Figure 4b ). Activation of ER-E2F1 by OHT triggered much more robust apoptosis when cells were depleted of EZH2 (68 versus 27%), which was not seen in the control cells that did not express ER-E2F1 (25 versus 29%) (Figure 4c ). Similar results were also observed in p53-wild type stable U2OS/E-E2F1 cell line (Supplementary Figure S3) . These results further indicate that E2F1-dependent apoptosis is partially neutralized by a concomitant EZH2 induction,which is independent of p53 status. Again, double-knockdown of EZH2 and Bim blunted the pro-apoptotic effect of EZH2 siRNA in the presence of OHT (Figure 4c ), validating the essential role of Bim in this apoptosis.
EZH2 regulates E2F1-dependent apoptosis triggered by protein kinase inhibitors. Having shown that EZH2 regulates E2F1-dependent Bim expression, we next determined whether this modulation contributes to E2F1's apoptotic activity. EZH2 knockdown results in either growth arrest (senescence) or apoptosis. 27, 36 We found that in both IMR90/E1A and H1299 cells, knockdown of EZH2 induced a strong growth arrest instead of apoptosis. This suggests that the Bim induction following EZH2 depletion is insufficient to induce apoptosis in these cells, indicating that the proapoptotic potential of E2F1 remains inhibited due to additional control factors. It has been previously reported that the oncogenic kinase signaling PI3K/AKT pathway counteracts E2F1-dependent apoptosis, and as such, a small molecule PI3 K inhibitor can efficiently switch on E2F1-dependent apoptosis. 9, 10 We therefore hypothesized that E2F1-dependent apoptosis in transformed cells might be also inhibited by certain protein kinase signaling, in addition to EZH2.
To identify small molecule protein kinase inhibitors that might activate E2F1-dependent apoptosis, we therefore 
conducted a screen of 70 small molecule protein kinase inhibitors in IMR90 and IMR90/E1A cells. We identified 8 kinase inhibitors that seemed to induce significantly more apoptosis in IMR90/E1A cells as compared to IMR90 cells, suggesting that these kinase inhibitors may have an effect on the RB/E2F1 pathway. Among them, 6 kinase inhibitors showed the ability to trigger further enhanced apoptosis in IMR90/E1A cells when EZH2 was depleted (Supplementary Figure S4) . D9 (Ro-318220) and F1 (5-Iodostinbercidin), two kinase inhibitors that are reported to mainly target protein kinase C 37 or adenosine kinase, 38 respectively, produced the most robust apoptosis in response to EZH2 knockdown and thus were chosen for further study. As shown in Figure 5a , treatment of IMR90/E1A cells with these two kinase inhibitors dramatically increased apoptosis upon EZH2 knock down. Since such an effect was not observed in the parental cells IMR90, the increased apoptosis is believed to be pRB/E2F1-related (Figure 5a ). Importantly, this effect was not limited to IMR90/E1A cells, but was also observed in cancer cell line H1299 and A549 (Figure 5b ). Of note, we did not detect an obvious effect of PI3 K inhibitor in our system, indicating that regulation of PI3 K signaling on E2F1-dependent apoptosis as previously reported 9 might be context-dependent and/or cell type specific.
The apoptotic effect after EZH2 knockdown was further confirmed by using EZH2 siRNA targeting 5 0 -UTR in a rescue experiment. Cotransfection of EZH2 plasmid with EZH2 siRNA abrogated the increased apoptosis induced by D9 or F1 upon EZH2 depletion (Figure 5c ), excluding the possibility of an off-target effect of EZH2 siRNA.
We next validated whether the strong apoptosis described above is dependent on E2F1 and Bim. The experiments performed in both IMR90/E1A and H1299 cells showed that EZH2 depletion-induced apoptotic response to D9 or F1 was largely abrogated when these cells were concomitantly transfected with E2F1 or Bim siRNA (Figure 5d and Supplementary Figure S5 ). These findings confirmed that the increased apoptosis to D9 and F1 treatment following EZH2 depletion at least in large part depends on E2F1-Bim pathway. Taken together, these results demonstrate that E2F1-dependent apoptosis in certain cellular context is protected by EZH2. EZH2 depletion may alter the balance of pro-and anti-apoptotic factors, priming the cell death when conditions are appropriate. Since E2F1 can induce apoptosis through either p53-dependent or p53-independent mechanisms, the fact that p53 is deficient in H1299 cells further indicates that E2F1-mediated apoptosis enhanced by EZH2 depletion does not depend on p53.
Downregulation of MCL-1 by protein kinase inhibitors synergizes with Bim induction upon EZH2 knockdown to cause Bax activation and apoptosis. We next investigated the potential mechanism by which EZH2 knockdown synergizes potently with the two protein kinase inhibitors D9 and F1-induced apoptosis. Because the synergistic apoptosis describe above is Bim-dependent, we reasoned that the synergy may route through the intrinsic apoptosis pathway through the coordination between Bim and the other members of Bcl-2 family. We thus analyzed the changes of Bcl-2 family members in drug treated cells with or without the EZH2 knockdown. To avoid the late secondary effects resulting from the massive apoptosis, we analyzed the early molecular events leading to apoptosis following the drug treatment. Pro-and anti-apoptotic members of Bcl-2 family, including MCL-1, BCl2, BCL-XL, BCL-Xs, Bax, caspase 3 and PARP were analyzed by western blotting. Strikingly, D9 and F1 treatment for 4 h induced dramatic downregulation of MCL-1, without affecting other Bcl-2 members (Figure 6a ). This change was not sufficient to induce caspase 3 and PARP cleavage; but in cells transfected with EZH2 siRNA thus expressing a higher level of Bim, the same treatment resulted in strong cleavage of both caspase 3 and PARP (Figure 6a ), indicating the activation of intrinsic apoptotic process. FACS analysis using a Bax antibody that recognizes the conformationally active form of Bax indicates the Bax activation by D9 and F1 only in EZH2 siRNA-treated cells, even though the Bax protein levels remain unchanged (Figure 6b ). MCL-1 is well known to inhibit apoptosis by binding and neutralizing anti-apoptotic Bim and Bax. The results suggest that neither Bim induction by EZH2 knockdown nor MCL-1 downregulation by D9 and F1 alone is sufficient to trigger the activation of the intrinsic apoptotic pathway under this condition, but the combination of the two processes does. 
Discussion
E2F1-dependent apoptosis has been the subject of intensive investigation due to the frequent deregulation of RB/E2F1 pathway in human malignancy. However, little is known about the oncogenic events regulating E2F1's apoptotic activity in cancer cells, which is believed to be critical for efficient malignant transformation by which allows cancer cells to evade apoptosis. Our findings define a novel regulatory mechanism that restrains E2F1 pro-apoptotic activity in human cancer which suggests that therapeutic inhibition of EZH2 may restore E2F1 apoptotic activity, thus providing a new treatment option for cancer.
In mammalian cells, E2F1 is equipped with the ability to induce both proliferation and apoptosis. It remains to be determined how this paradoxical function of E2F1 is balanced to prevent the onset of apoptotic activity of E2F1 during tumorigenesis. This process may involve multiple mechanisms. In addition to p53 deficiency that may alleviate E2F1-dependent apoptosis in cancer cells, oncogenic protein kinase signaling such as PI3 K may also restrains E2F1-dependent apoptosis.
9,10 Our current results provide evidence that polycomb protein EZH2, in collaboration with certain protein kinase signaling pathways, may restrain E2F1-dependent apoptosis in transformed cells.
Bim has been previously shown to be an apoptotic target of E2F1. 8 Our data show that EZH2 and associated H3K27me3 are enriched in the Bim promoter to suppress the Bim expression. As a component of PRC2 complex, EZH2 knockdown also resulted in the disruption of this entire repressor protein complex and this expected to effectively remove H3K27me3 for gene activation. Thus, the PRC2 occupancy of Bim promoter might be an important mechanism to restrict Bim induction by E2F1 or other factors in the cancer cells.
Through a screen of small molecule kinase inhibitors library, we identified several kinase inhibitors that promote -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9  F1  -IMR90/ -D9  F1  -D9  F1  -D9  F1  -D9  F1  -D9 F1 - 0 UTR of EZH2 and an EZH2 expressing plasmid. The apoptosis was determined as in A. Means of three independent experiments were shown with standard deviations. (d) H1299 cells were treated with NC siRNA, EZH2 siRNA, E2F1 siRNA, Bim siRNA or both EZH2 and E2F1 siRNAs, or EZH2 and Bim siRNAs, followed by D9 or F1 for 48 h. Cells were harvested for apoptosis analysis using PI staining and FACS analysis. Means of three independent experiments were shown with standard deviations E2F1-dependent apoptosis together with EZH2 knockdown. In these cells, depletion of EZH2 to induce Bim alone was insufficient to induce obvious apoptosis, but it greatly enhanced apoptosis triggered by certain kinase inhibitors in E2F1-dependent manner. Mechanistically, we have demonstrated that the two kinase inhibitors D9 and F1 can cause a rapid downregulation of MCL-1 protein, which coordinates with the induction of Bim by EZH2 knockdown to trigger a strong apoptosis through synergistic activation of Bax. To extend this observation, our data also suggest that Bim induction by EZH2 knockdown may also sensitize other apoptotic signals that rout through intrinsic apoptotic process. Thus targeting EZH2, which is often overexpressed in cancer, might be a useful approach to sensitize anti-cancer therapy or overcome drug resistance. Although this study is not aimed at identifying the exact kinase signaling that regulates E2F1 apoptosis, future work is required to achieve this based on the results presented here.
In addition, the data offers direct evidence that removal of EZH2 promotes E2F1-dependent apoptosis via ectopic E2F1 and thus establishes a crucial role of EZH2 in regulating E2F1 pro-apoptotic activity in cancer cells. Our data thus define a functional network between E2F1, EZH2 and Bim. This repressive effect of EZH2 on Bim appears to be selective as it does not exert much effect on other E2F1 pro-apoptotic targets. In this E2F1-dependent context, induction of EZH2 and thus repressing Bim expression constitutes a cellular circuitry that attenuates E2F1-dependent apoptosis, allowing the transformation to be efficient. Currently, the molecular pathways leading to EZH2 overexpression in human cancer is largely unknown. In addition to being a target of E2F1, EZH2 is also upregulated by Myc indirectly in B-cell lymphoma through an miRNA-mediated mechanism. 39 Thus our findings that EZH2 inhibits Bim expression may suggest that EZH2-mediated epigenetic events and oncogene signaling may be broadly interconnected through Bim. This connection may provide a molecular explanation for the restrained apoptotic activity of E2F1 in tumors cells. Indeed, it has been previously shown that Bim functions in vivo to regulate oncogene-induced tumorigenesis and the abrogation of Bim greatly facilitates Myc-induced tumor formation. 40 Of particular interest is that Bim, unlike PUMA and Noxa, is not a p53 target and mediates p53-independent apoptosis. 41 Hence, EZH2 suppression of Bim expression in the context of either E2F1 or Myc deregulation might be a scenario relevant for tumorigenesis regardless of p53 status.
Our data reveals a mechanistic link between pRB/E2F1 pathway and EZH2-mediated epigenetic regulation, two important oncogenic pathways in human cancer. This regulation is reminiscent of the recent report that oncogene Rasinduced transformation is linked to Ras-directed epigenetic inactivation of apoptotic Fas gene, which is required for maintenance of a fully transformed phenotype. 17 Together with our findings, these results indicate that oncogeneinduced transformation and epigenetic event in cancer are interconnected molecular pathways leading to efficient transformation during tumorigenesis.
In conclusion, our study reveals a novel mechanism by which E2F1-mediated apoptosis is controlled in cancer. This is achieved at least in part through EZH2 and its ability to suppress E2F1-dependent Bim expression. In addition, the extent of apoptosis observed after EZH2 depletion in response to certain kinase inhibitors encourages the therapeutic targeting of EZH2 as an important modulator of apoptosis selectively for cancer cells. Importantly, it provides an attractive approach to exploit both oncogene and epigenetic addiction in cancer cells, leading to a potential for a therapeutic window. Microarray gene expression analysis, semi-quantitative RT-PCR and Taqman Assay. Total RNA was isolated using Trizol (Invitrogen) and purified with the RNeasy Mini Kit (Qiagen). Reverse transcription was performed using an RNA Amplification kit (Ambion). The microarray hybridization was performed using the Illumina Gene Expression Sentrix BeadChip HumanRef-8_V2, and data analysis was performed using GeneSpring software from Agilent Technologies as described. 24 FACS analysis. FACS analysis for cell cycle analysis was performed as previously described (39) . To detect activate Bax in cells, cells were fixed with Cytofix/Cytoperm solution (BD Pharmingen), stained first with the anti-Bax 6A7 monoclonal antibody (BD Pharmingen) and then with polyclonal rabbit anti-mouse immunoglobulin FITC (DakoCytomation), followed by FACS analysis. RT-PCR and ChIP. RT-PCR and ChIP assays were performed as described previously. 24 Sonicated extracts were precleared and incubated with antibodies specific to either EZH2 (Active motif, Carlsbad, CA), E2F1 (c-20, Santa Cruz) or IgG ctrl (sc-2027, Santa Cruz) at 41C overnight on a 3601C rotator. The immunoprecipitated DNA was quantitated by real-time quantitative PCR using Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems). The enrichment of specific genomic regions was assessed relative to the input DNA. Primer sequences of the RT-PCR and ChIP-PCR are listed in the Supplementary Table S1 .
Statistical analysis. The student's test was done to assess the difference of cell death between various treatment with siRNA and kinase inhibitors. Po0.05 was defined as the statistic significance.
